Introduction {#S1}
============

The successful reprogramming of somatic cells to induced pluripotent stem (iPS) cells indicates that differentiated cells retain the capacity to revert to immature cells. *Oct4, Sox2, c-Myc, Klf4, Nanog* and *Lin28* have been used for somatic cell reprogramming ([@R42]; [@R45]). *Oct4* is the most critical transcription factor since it can reprogram adult stem cells to iPS cells as a single factor ([@R20]). Tumorigenesis and somatic cell reprogramming share common mechanisms ([@R8]). Aberrant expression of *Oct4, Nanog, Sox2, Lin28* and *Klf4* are all associated with abnormal tissue growth or tumorigenesis ([@R14]; [@R5]; [@R44]; [@R40]). Poorly differentiated tumors show preferential overexpression of genes normally enriched in embryonic stem cells (ESCs), such as downstream targets of *Nanog, Oct4, Sox2* and *c-Myc* ([@R1]). p53 is a critical negative regulator of somatic cell reprogramming, and virtually all cancer cells lose p53 function in one way or another ([@R19]; [@R11]). These data suggest that the reprogramming factors may be involved in tumor progression.

Tumor dedifferentiation is a well known phenomenon and it has long been proposed to be involved in tumor progression ([@R10]). Similar to somatic cell reprogramming, tumor dedifferentiation is reversal of cell development to a more immature state. Dedifferentiated melanoma cells is known to lose pigmentation ([@R2]). Cancer stem cells (CSCs) have dedifferentiated phenotypes and it has been shown that CD271+ melanoma CSCs lack expression of common melanocytic markers ([@R3]). However, the mechanism underlying tumor dedifferentiation is not fully understood.

There is enormous interest to find the origin of CSCs and target these cells for therapy. Oct4 has been proposed as a biomarker for CSC-like cells. Oct4 is detectable in a variety of cancer types including melanoma ([@R41]) and CSC-like cells are enriched for Oct4 expression ([@R48]; [@R15]; [@R25]; [@R33]; [@R38]). It has been shown that Oct4 expression is associated with differentiation state of cancer cells ([@R48]; [@R6]). Oct4 expression increases in the residual breast cancer cells after treatment ([@R27]) and its expression is associated with worse clinical outcome ([@R38]; [@R48]). Knockdown of *Oct4* results in breast CSC-like cell apoptosis ([@R16]). Nevertheless, function of Oct4 in cancer cells is still unclear and it is unknown whether Oct4 has similar function in normal cells and cancer cells.

In this report, we showed for the first time that forced expression of *Oct4* gene or transmembrane delivery of Oct4 protein induces dedifferentiation of melanoma cells, and the dedifferentiated melanoma cells acquire CSC phenotypes. Mechanistically, Oct4 induces re-activation of reprogramming factors in melanoma cells and global gene expression changes that enriched for transcription factors. The acquisition of CSC phenotypes induced by Oct4 is distinctively different from epithelial-mesenchymal transition (EMT) induced changes. In addition, we showed that Oct4 expression in melanoma is regulated by hypoxia.

Results {#S2}
=======

Oct4 induces dramatic morphological changes in tumor cells {#S3}
----------------------------------------------------------

We infected six different melanoma cell lines (WM35, WM793, WM9, WM115A, WM3523A and 1205Lu) with lentiviruses expressing *Oct4*. After infection, morphological changes were quickly apparent with well-formed colonies emerging 5-7 days after infection ([Fig.1a](#F1){ref-type="fig"}). These Oct4 expressing melanoma colonies had morphological features analogous to those transformed colonies seen during iPS cell induction. When Oct4 expressing melanoma cells were seeded onto mouse embryonic fibroblasts (MEFs) and cultured in human embryonic stem cells culture medium (hESCM4), they retained the raised colony morphology and did not display typical morphology of hESC-like colonies ([Supplementary Information, Fig. S1a](#SD1){ref-type="supplementary-material"}). The colonies were negative for alkaline phosphatase, a marker for pluripotent stem cells (data not shown). Melanoma cells infected with green fluorescent protein (GFP)-containing lentiviruses did not display any morphological changes ([Fig.1a](#F1){ref-type="fig"}). When the colony-forming Oct4 expressing melanoma cells were transferred to hESCM4 without MEFs, five of the six melanoma cell lines formed floating spheres with morphologies similar to embryoid bodies ([Fig.1a](#F1){ref-type="fig"} and [Supplementary Information Fig. S1b](#SD1){ref-type="supplementary-material"}), whereas the GFP infected melanoma cells did not survive in this same medium ([Fig.1a](#F1){ref-type="fig"}). While Oct4-infected 1205Lu cells did not form spheres in hESCM4, they proliferated well in this medium. To ensure that the effect seen was due to *Oct4* and not related to the viral vector used, we infected WM35 cells with a different lentiviral Oct4 vector tagged with GFP. Oct4-GFP infected WM35 cells cultured in the hESCM4 media formed spheres similar to Oct4-WM35 cells ([Supplementary Information Fig. S1c](#SD1){ref-type="supplementary-material"}). To further confirm that the sphere forming cells were not due to contamination by other stem cells used in the laboratory, we performed DNA fingerprinting studies. The results of these studies showed that the Oct4-sphere-forming cells were the same cells as their parental cells ([Supplementary Information Table 1](#SD1){ref-type="supplementary-material"}).

Oct4 induces dedifferentiation of melanoma cells {#S4}
------------------------------------------------

Next we examined expression levels of Oct4 in sphere-forming cells by Western blotting. We found that these sphere forming cells expressed Oct4 at levels similar to those seen in human Tera-2 embryonic carcinoma (hEC) cells, whereas the parental tumor cells expressed little Oct4 ([Fig.1a](#F1){ref-type="fig"}). Genotyping PCR confirmed that the colony-forming cells carried the *Oct4* transgene ([Supplementary Information Fig. S2](#SD1){ref-type="supplementary-material"}).

Histological and immunohistochemical analyses showed that the Oct4 induced melanoma spheres were composed of immature cells with high nucleus/cytoplasm ratios (see [Supplementary Information Fig. S3a](#SD1){ref-type="supplementary-material"}). We found that melanocytic markers were significantly down-regulated in these cells. Only few tumor cells in these spheres expressed S-100 protein (*S100A and S100B*) and tyrosinase (*TYR*) (see [Supplementary Information Fig. S3a](#SD1){ref-type="supplementary-material"}). In contrast, tumor cells in the spheres uniformly expressed Oct4 in the nuclei ([Fig.1b](#F1){ref-type="fig"}). To test whether the effect of Oct4 was cell type dependent, we infected foreskin derived normal melanocytes with the same Oct4-lentiviruses. Oct4-melanocytes retained their bipolar morphology and spheroids were not detected after 14-28 days of infection (data not shown). These results indicated that normal melanocytes cannot be dedifferentiated by *Oct4* alone.

Oct4 induces more aggressive biological behavior {#S5}
------------------------------------------------

We next examined whether the dramatic morphological changes following *Oct4* infection were accompanied by significant changes in proliferation, colony formation, and survival. Same amount of cells were seeded initially and cell proliferation was measured 24, 48 and 72 hours later. Oct4 infected cells proliferated significantly faster than control cells ([Supplementary Fig S4a](#SD1){ref-type="supplementary-material"}). Cell cycle analysis showed that significantly more Oct4 infected cells were in S/G~2~-M phases than control cells (43% *vs* 19%, [Supplementary Fig.S4b](#SD1){ref-type="supplementary-material"}), supporting that these cells are more proliferative. Oct4-infected cells formed significantly larger colonies in the soft agar assay than the control cells ([Fig.1c](#F1){ref-type="fig"}). When the same number of freshly disassociated WM35GFP or WM35OCT4 cells was incubated in the presence of various concentrations of cisplatin for 24 hours, significantly more *Oct4* infected cells survived cisplatin treatment compared to the control cells. At 1 μM cisplatin; 16.3 ± 2.33 ×10^4^ WM35OCT4 cells survived *vs*. 4.9 ± 0.48 ×10^4^ control cells (*p* \< 0.001); and at 10 μM 3.6 ± 0.61 ×10^4^ WM35OCT4 cells survived *vs*. 0.8 ± 0.23 ×10^4^ for control cells (*P* \< 0.01). In addition, the control cells did not survive 25 μM cisplatin treatments, whereas 1.2 ± 0.36 ×10^4^ of WM35OCT4 cells survived the high concentration ([Fig.1d](#F1){ref-type="fig"}). Similar results were seen in Oct4 infected WM115A (115AOCT4) cells (see [Supplementary Information Fig. S3b](#SD1){ref-type="supplementary-material"}). Increased resistance to cisplatin was associated with decreased expression of caspase-3 after cisplatin treatment (see [Supplementary information Fig. S3c](#SD1){ref-type="supplementary-material"}). Since low oxygen tension promotes survival of stem cells ([@R31]), we cultured these cells under 1% O~2~ conditions for 24-48 hours. We found that *Oct4* infected cells proliferated significantly better than control cells under hypoxic conditions ([Fig.1e](#F1){ref-type="fig"}).

Increased tumorigenicity and metastatic capacity after Oct4 induced dedifferentiation {#S6}
-------------------------------------------------------------------------------------

We performed a series of xenograft experiments in NOD/SCID Il2rg−/− mice (NSG) in order to study the effect of *Oct4* mediated dedifferentiation *in vivo*. We used WM35 cells in these experiments because it is a well characterized cell line derived from radial growth phase (RGP) of primary melanoma and is known to be incapable of metastasis. Groups of mice (n = 6) were transplanted with replicate inocula of disassociated WM35 or WM35OCT4 cells (2 × 10^6^) on the flank subcutaneously (s.c.), and were then monitored for tumor growth. The xenografts were examined by histology and immunohistochemistry. Due to the large tumor burden of WM35OCT4 xenografts, all the mice were sacrificed 5 weeks after inoculation and necropsy was performed. The tumors formed by WM35OCT4 cells were on average 3 times the size of tumors formed by WM35, (2.8 ± 0.794 g *vs* 0.60 ± 0.133 g, *P* = 0.039; [Fig.2a](#F2){ref-type="fig"}). The tumors formed by WM35OCT4 cells had significantly higher Ki67 labeling index than that in control tumors (see [Supplementary Information Fig. S4c](#SD1){ref-type="supplementary-material"}), and they showed diverse cellular morphology characteristic of melanoma tissue ([Fig. 2b](#F2){ref-type="fig"}). In contrast, the WM35 xenografts were composed of tumor cells with uniformed morphology. *Oct4* dedifferentiated cells retained Oct4 expression, but the expression of melanocytic markers such as Melan-A (*MLANA*) and S-100 (data not shown) were significantly reduced ([Fig. 2b](#F2){ref-type="fig"}). Although there was no apparent trigerminal differentiation such as bone or nerve tissue formation in the Oct4 xenografts, immunohistochemical stains showed that these xenografts expressed markers for ectoderm (pan-cytokeratin and neural filament), mesoderm (actin, muscle specific, clone HHF35) and endoderm (caudal type homeobox 2 (*CDX2)* and podoplanin (*PDPN*)) ([Fig.2c](#F2){ref-type="fig"}).

The primary xenografts were enzymatically disassociated and 1 × 10^5^ cells were injected s.c. into flanks of naïve NSG mice (6 mice per group) in order to establish secondary xenografts. Xenografted NSG mice were followed for 6 weeks, tumors were excised and necropsy was performed. Similar to the primary xenografts, the secondary xenografts formed by WM35OCT4 cells were significantly larger compared to control cells ([Fig.2d](#F2){ref-type="fig"}). The tumor cells isolated from the xenografts maintained their sphere forming capacity (data not shown). These findings demonstrate that dedifferentiated cells have greater tumorigenicity as compared to differentiated melanoma cells.

To test whether *Oct4* dedifferentiation increases metastatic capacity of these cells, we performed tail vein injection assays. Cells (1 × 10^5^) of WM35GFP or WM35OCT4 were injected into NSG mice (n = 5 per group) *i.v*. These mice were followed for 12 weeks and then sacrificed. All the major organs were removed and examined histologically. Similar to previous reports, mice injected with WM35GFP cells did not form any tumor masses in the lung or other major organs. However, we found small tumor islands in the lung of all five mice injected with WM35OCT4 cells, ranging from 0.05 −0.40 mm with an average of 0.14 ± 0.07 mm ([Fig.2e](#F2){ref-type="fig"}). These data indicate that the dedifferentiated cells have acquired the ability to survive and proliferate in the lung.

To dissect the underlying mechanism of this apparent increased metastatic capacity in the lung, we first analyzed the cell migratory capacity of control and WM35OCT4 cells. We performed wound healing assays and showed the wound formed by WM35 cells completely healed after 48 hours, whereas WM35OCT4 cells showed little motility ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). Migrating cells were characterized by their polymerized actin-based membrane protrusions ([@R34]). The WM35 cells clearly showed the F-actin staining at the plasma membrane, consistent with their invasion activity. However, the WM35OCT4 cells did not show actin-based membrane protrusions ([Fig.3a](#F3){ref-type="fig"}, left panel). The result was further supported by examination of secreted matrix metalloproteinases 2 (MMP2) using in-gel gelatin zymography, which showed significant loss of MMP2 secretion in the dedifferentiated cells ([Fig.3a](#F3){ref-type="fig"}, right panel). Taken together, these data indicate that increased metastatic capacity of dedifferentiated cells is not due to their enhanced migratory ability but likely results from their increased ability to survive and proliferate in a non-orthotopic environment.

Dedifferentiation is associated with CSC phenotypes {#S7}
---------------------------------------------------

It has been postulated that CSCs share many characteristics with normal stem cells ([@R26]). We examined whether *Oct4* increases the CSC characteristics of melanoma cells. To do this, we first performed differentiation assays as previously described ([@R45]). WM35 or WM35OCT4 cells were cultured in either osteogenic, adipogenic or smooth muscle differentiation medium for 2-3 weeks, and then these cells were examined for expression of specific differentiation markers. After differentiation, WM35OCT4 cells expressed osteocalcin (*BGLAP*), fatty acid binding protein 4, adipocyte (*FABP-4*) and smooth muscle actin (*ACTG2*) indicative of bone, fat and smooth muscle differentiation, respectively. In contrast, WM35 cells did not express any of these proteins ([Fig.3b](#F3){ref-type="fig"}) after differentiation. Similar results were seen in 115AOCT4 cells (data not shown). To test self-renewal capacity of Oct4 infected cells, we performed limiting dilution assays and single cells were followed for colony formation capacity. In Oct4 expressing cells, the percentage of colony-forming cells increased significantly from 20.7 ± 6.18 % to 61.9 ± 3.22 % (*P* \< 0.001), indicating that *Oct4* significantly increases self-renewal capacity of these tumor cells ([Fig.3c](#F3){ref-type="fig"}). Another measure of the CSC is the expression of CSC phenotypic markers such as CD133 (*PROM1*), ATP-binding cassette, sub-family G (WHITE), member 2 (*ABCG2*) ([@R30]), ATP-binding cassette, sub-family B (MDR/TAP), member 5 (*ABCB5*) ([@R39]), and CD271 (*NGFR*) ([@R3]). Quantitative real time RT-PCR analysis showed that WM35OCT4 cells expressed significantly higher level of *ABCG2* and *ABCG5* in comparison to WM35 cells ([Fig.3c](#F3){ref-type="fig"}). However, *CD133* levels were not increased (data not shown). Western blot analysis showed that ABCB5 protein expression was also significantly increased in WM35, 115A and 3525A cells after *Oct4* infection. In addition, immunohistochemical analysis of the xenografts also confirmed that ABCB5 protein expression was increased in *Oct4* dedifferentiated cells ([Fig.3d](#F3){ref-type="fig"}). Similarly, *CD271* expression was also significantly increased in WM35 and 115A melanoma cells after Oct4 infection ([Fig.3e](#F3){ref-type="fig"}).

Mechanism underlying Oct4 induced dedifferentiation {#S8}
---------------------------------------------------

To dissect the molecular events that lead to *Oct4* induced dedifferentiation in melanoma cells, we examined whether expression levels of other transcription factors involved in somatic cell reprogramming are altered in WM35OCT4 cells. Quantitative RT-PCR data showed that expression levels of endogenous *Oct4, Nanog* and *Klf4* were significantly increased. However, *Rex1*, which has recently been shown to be an essential indicator for pluripotency ([@R4]), was not increased ([Fig.4a](#F4){ref-type="fig"}), nor was the expression level of *Lin28* (data not shown). To study the effect of *Oct4* expression on mRNA stability, we incubated WM35OCT4 and WM793 cells with Actinomycin D to block transcription and found that *Oct4* expression did not affect *Nanog* mRNA stability in these cells ([Supplementary Fig 6](#SD1){ref-type="supplementary-material"}). To study *Oct4* promoter activity in dedifferentiated cells, we performed Oct4 luciferase promoter assays and the results showed that *Oct4* promoter activity was significantly elevated in WM35OCT4 cells as compared to WM35 control cells ([Fig.4b](#F4){ref-type="fig"}). These data suggest that dedifferentiation is induced by increased expression of endogenous Oct4 and other reprogramming factors.

Since acquired CSC phenotypes may involve epithelial-mesenchymal transition (EMT) ([@R28]), we examined the expression of E-Cadherin (*CDH1*) and N-Cadherin (*CDH2*) in the WM35OCT4 cells by western blot. We found that WM35OCT4 cells did not express E-Cadherin, and N-Cadherin levels were down-regulated comparing to control cells ([Fig. 4c](#F4){ref-type="fig"}), suggesting that *Oct4* induced dedifferentiation does not involve EMT.

Because somatic cell reprogramming is associated with *Oct4* promoter demethylation ([@R43]), we performed bisulfite sequencing analysis ([@R23]) in order to measure the extent to *Oct4* promoter methylation in control and dedifferentiated cells. Significant alteration in *Oct4* promoter methylation in WM35 or WM115A cells was not detected (data not shown). We performed global gene expression profiling studies comparing the dedifferentiated cells (WM35OCT4, WM115AOCT4 and WM3523A) with their parental cells (WM35, WM115A and WM3523A) using Human v2 expression BeadChips (Illumina). We identified 660 probes where the mean expression levels were significantly different between the two groups. Using the top 100 probes, based on the unadjusted P-values, an unsupervised cluster analysis distinguished the samples of dedifferentiated cells from the samples of the parent cells ([Fig.4d](#F4){ref-type="fig"}). To gain insight into the biological processes associated with the 660 probes, we analyzed the list using the National Institute of Allergy and Infectious Diseases/National Institutes of Health Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource 2008. In the dedifferentiated cell samples, the biological processes for the top two annotation clusters of enriched probes (see [Supplementary Information Table S2](#SD1){ref-type="supplementary-material"}) were related to transcription and regulation of transcription (enrichment scores of 3.94 and 3.41, respectively). This analysis suggests that dedifferentiation is mediated through regulation of other transcription factors by Oct4.

Oct4 is required for CSC phenotypes {#S9}
-----------------------------------

To study whether expression of *Oct4* is required to maintain the CSC-like phenotype after dedifferentiation, we knocked down *Oct4* expression in the dedifferentiated WM35OCT4 cells with *Oct4* shRNA. WM35OCT4 cells infected with vector containing scramble shRNA were used as control. As expected, *Oct4* shRNA significantly decreased the *Oct4* expression at both mRNA (data not shown) and protein levels ([Fig.5a](#F5){ref-type="fig"}). After *Oct4* knockdown, the colony size in soft agar was significantly decreased ([Fig.5b](#F5){ref-type="fig"}). In addition, these tumor cells grew slower compared to the control under normoxia ([Fig. 5c](#F5){ref-type="fig"}) and they were significantly less tolerable to hypoxic insult ([Fig.5d](#F5){ref-type="fig"}). *Oct4* knockdown also decreased their resistance to cytotoxic effect of cisplatin ([Fig.5e](#F5){ref-type="fig"}). These data suggest that *Oct4* expression is required for maintaining the CSC-like phenotypes.

Transmembrane Oct4 protein induces dedifferentiation {#S10}
----------------------------------------------------

To study whether transient presence of Oct4 protein may induce similar dedifferentiation, we first construct Oct4 proteins with a His-tag and a cell membrane permeable domain (PTD-OCT4). A GFP protein with a cell membrane permeable domain was used as a control. We incubated WM35 cells with PTD-OCT4 in the presence or absence of valpronic acid. The tumor cells were treated 4 times with the protein during a 10 day period. The presence of the exogenous Oct4 protein was visualized with an antibody against His-tag ([Fig.6a](#F6){ref-type="fig"}, upper panel) at day 10. Morphological changes occurred slower in these cells than in tumor cells infected with viruses carrying Oct4. Sphere formation started two weeks after the treatment ([Fig.6b](#F6){ref-type="fig"}). Quantitative real time RT-PCR showed that there was a significant decrease in expression of melanocytic markers microphthalmia-associated transcription factor (*MITF*) and tyrosinase (*TYR*) comparing to melanocytes or control WM35 cells. ([Fig.6c](#F6){ref-type="fig"}).The levels of endogenous Oct4, Nanog and KLF-4 gene expression were comparable to hEC cells ([Fig.6d](#F6){ref-type="fig"}). In addition, these cells were significantly more resistant to cisplatin induced cytotoxicity than control cells ([Fig.6e](#F6){ref-type="fig"}). The control protein treated cells did not show any changes. Morphological changes occurred only in cells treated with the Oct4 proteins in the presence of valpronic acid. Valproic acid is a histone deacetylase (HDAC) inhibitor and it is known to facilitate somatic reprogramming. These data showed for the first time that Oct4 protein alone can induce tumor cell dedifferentiation, and indicate that transient Oct4 expression with concomitant histone acetylation is sufficient to activate endogenous dedifferentiation pathways.

Oct4 expression is regulated by hypoxia {#S11}
---------------------------------------

It has been shown that Oct4 is regulated by hypoxia inducible factors (HIFs) in a transgenic mouse model ([@R7]). We examined whether Oct4 expression is regulated by hypoxia in melanoma cells. We incubated WM793 cells under 1% or room O~2~ and then the cells were snap frozen for further processing. Hypoxia significantly increased *Oct4* gene expression using quantitative RT-PCR ([Fig. 7a](#F7){ref-type="fig"}) and protein expression using western blot analysis ([Fig. 7b](#F7){ref-type="fig"}). To study whether hypoxia affects localization of Oct4, we incubated WM35OCT4 cells under hypoxia for 0, 4 and 16 hours, and found that hypoxia did not change the nuclear localization of Oct4 ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}).

Oct4 is expressed in melanoma tissue {#S12}
------------------------------------

To study whether Oct4 plays a potential role during melanoma progression, we first examined *Oct4* gene expression in fresh metastatic melanoma tissues. The protocol has been approved by the University of Pennsylvania Institutional Review Board. Four of five melanomas expressed detectable *Oct4* gene ([Fig.7c](#F7){ref-type="fig"}). To confirm the expression of Oct4 in the tissue, we performed Oct4 immunohistochemical stain and found that a small population of tumor cells showed nuclear staining for Oct4 ([Fig.7d](#F7){ref-type="fig"}). Positive cells can be detected in 18 of 30 vertical growth phase or metastatic melanomas whereas they were not seen in the radial growth phase of any primary melanomas. The Oct4 positive cells were distributed unevenly in the tissue and some were near necrotic areas.

Discussion {#S13}
==========

In this study, we demonstrate that forced expression of *Oct4* alone is sufficient to dedifferentiate melanoma cells to CSC-like cells, and intermittent exposure to Oct4 protein has a similar effect. Dedifferentiation of melanoma cells is associated with reactivation of other embryonic transcription factors. These data suggest that Oct4 is a positive regulator of melanoma cell dedifferentiation.

It is well known that lower stage of tumor differentiation such as in neuroblastoma and in breast cancer is linked to poor prognosis ([@R13]; [@R17]). Dedifferentiated glioma cancer cells showed strong drug resistance and they expressed increased neural stem cell related genes ([@R18]). CD271^+^ melanoma CSCs had a dedifferentiated phenotype as they lost expression of common melanocytic markers ([@R3]). Our data show that during Oct4 induced dedifferentiation, the melanoma cells also lose melanocytic marker expression. Although loss of pigmentation is commonly seen during melanoma progression, some highly aggressive melanomas are heavily pigmented, suggesting that dedifferentiation is only one of the mechanisms that may lead to aggressive tumor behavior.

Tumor cells are more susceptible for Oct4 induced dedifferentiation than normal cells. Our study showed that *Oct4* has little effect on normal melanocytes, whereas it induces dramatic changes in melanoma cells. This result is consistent with a prior study which shows that aberrant activation of *Oct4* in epithelium results in dysplastic proliferation, and the target cells of *Oct4*-induced dysplasia are epithelial progenitor/stem cells rather than differentiated squamous cells ([@R14]). It was surprising that transmembrane Oct4 protein alone was able to induce dedifferentiation as virally delivered Oct4. To our knowledge, this is the first study to show that transient and intermittent exposure to Oct4 protein alone is sufficient to induce human cell dedifferentiation. The efficient dedifferentiation of melanoma cells is likely resulted from their endogenous expression of *Sox2, c-Myc,* and *Klf4*. Endogenous expression of reprogramming factors has been attributed to the *Oct4* induced reprogramming of neural stem cells to iPS cells ([@R20]; [@R21]). These data suggest that the embryonic transcription factor circuitry in the melanoma cells is at least partially active, allowing efficient dedifferentiation of melanoma cells by Oct4.

There is a controversy surrounding melanoma CSCs. ABCB5 and CD271 have been shown as markers for a rare population of melanoma initiating cells ([@R39]; [@R3]). However, Morrison and colleagues showed that over 25% of single melanoma cells obtained directly from patients formed tumors in NOD/SCID IL2Rγ(null) mice, suggesting that majority of melanoma cells are tumorigenic ([@R36]; [@R35]). Therefore, we did not perform single cell xenograft assay to test tumorigenicity of the dedifferentiated cells, but rather examined their tumorigenicity and their capacity to survive in heterotopic environment. Our results showed that the Oct4-dedifferentiated cells are more tumorigenic in the subcutis and in the lung, and they have acquired CSC-like phenotypes, suggesting that CSC phenotype is a dynamic process. More recently, Herlyn and colleagues showed that a subpopulation of JARID1B positive melanoma cells is required for continuous tumor growth and expression of JARID1B is dynamically regulated, indicating that melanoma maintenance is mediated by a temporarily distinct subpopulation ([@R37]). Thus, these data demonstrate phenotypic plasticity of melanoma cells and suggest that CSC phenotypes may be temporarily regulated.

Expression of endogenous Oct4 in tumor cells may be regulated by its microenvironment. Oct4 is a known target of hypoxia inducible factor (HIF)-2α ([@R7]). It has been shown that brain cancer cells express higher levels of *Oct4, Nanog* and *Klf4* under hypoxic condition ([@R24]). Our result confirmed that Oct4 expression in melanoma is increased under hypoxia. In the melanoma tissues, we found that only a minor subpopulation of melanoma cells expresses Oct4 and the distribution of these cells within the melanoma tissues is not uniform. Because we only examined one stained section from each melanoma, the uneven distribution of antigen may explain that Oct4 positive cells were found in only 60% of melanomas examined in this study. Since our data showed that transient expression of Oct4 protein is sufficient to induce dedifferentiation of melanoma cells and Oct4 can be regulated by hypoxia, we speculate that Oct4 may mediate certain effects of hypoxia on tumor progression. Nevertheless, more studies are needed to elucidate the regulation and function of Oct4 in cancer. In conclusion, our data support that Oct4 is a positive regulator of tumor dedifferentiation and suggest that CSC phenotypes can be acquired through dedifferentiation.

Materials and methods {#S14}
=====================

Cell Culture, plasmids and lentiviral production {#S15}
------------------------------------------------

Human melanoma cell lines (WM35, WM793, WM9, 115A, 3523A and 1205Lu) were cultured in 2% MCDB or hESCM4 medium under normoxic or hypoxic conditions as previously described ([@R45]; [@R22]). Lentiviral vectors (pSin-EF2-Oct4-Pur, Addgene plasmid 16579; vexGFP_2A_OCT4, Addgene plasmid 22240; shRNA to Oct4, a generous gift from Dr. GQ Daley ([@R47])) was co-transfected into 293T cells with packing vector (pCMV Δ8.2 dupr and pCMV VSVG), and viral supernatants were collected 48 and 72 h post transfection. *Oct4* promoter-Luc construct was purchased from Addgene (Addgene plasmid 17221).

In vitro differentiation and Immunofluorescence {#S16}
-----------------------------------------------

The differentiation assay was performed using human mesenchymal stem cell functional identification kit (R&D systems) and immunofluorescence study was performed as previous described ([@R45]). Cells were imaged with a Leica Inverted fluorescence microscope with a Leica camera.

Subcutaneous xenograft and tail vein injection assays {#S17}
-----------------------------------------------------

WM35 and WM35OCT4 cells (2 × 10^6^) were injected subcutaneously into NOD/SCID Il2rg−/− mice (6 mice per group). The protocol has been approved by University of Pennsylvania Institutional Animal Care and Use Committee. Tumor cells (1 × 10^5^) from the primary xenografts were enzymatically disassociated and inject subcutaneously into naïve NOD/SCID Il2rg−/− mice (6 mice per group) for secondary xenografts. 1 × 10^5^ cells of WM35 or WM35OCT4 cells were injected into the tail vein of NOD/SCID Il2rg−/− mice (5 mice per group) and these mice were sacrificed 12 weeks later for necropsy and histological examination.

Construction of membrane permeable Oct4 protein and dedifferentiation induction {#S18}
-------------------------------------------------------------------------------

The cell membrane permeable OCT4 construct PTD-OCT4 containing a PTD peptide similar to the transduction domain of HIV TAT protein ([@R49]). Briefly, OCT4 (a.a. 1-360, Gene ID: 5460 POU5F1, accession\# NM_002701.4) was amplified and PTD-OCT4 cDNA was cloned into the pET15b vector for expression in E. coli. As a result, the recombinant OCT4 protein contains the His-tag and the PTD domain at the N-terminus of OCT4: MGSSHHHHHHSSGLVPRGSHMYGRKKRRQRRRR. The fusion proteins were expressed in an BL21 (DE3) codon plus strain and protein isolated and refolded as previously described ([@R29]).

Melanoma cells (WM35) were treated with combine recombinant OCT4 protein at the concentration of 8μg/ml with or without 1 mM valproic acid (VPA) in serum free MCDB media. Cells were cultured for additional 36 h to 48 h before repeating the same protein transduction procedure. Three additional protein transduction experiments were performed.

Limiting dilution assays {#S19}
------------------------

Melanoma cells expressing OCT4 and control WM35 cells were washed with PBS and tryspinized. The cells were then re-suspended at 100 cells ml^−1^ in HECM4 media. Cells were then dispensed at 10 μl of cells suspension into 96 well plates containing 90 μl of HECM4 media. The plates were incubated in each well was inspected for cell growth. After another 7days, wells were inspected for colony formation.

Cisplatin treatment {#S20}
-------------------

Freshly disassociated melanoma cells were washed with PBS and 1 × 10^5^ cells were seeded in 6 well plates. The plates were incubated at 37 °C for 24 hrs in a humidified CO~2~ incubator. The medium was aspirated from the wells and replaced with growth media containing different concentrations of cisplatin (1 μM, 10 μM, 25 μM and 100 μM). After 24 h at 37 °C viable cells were counted by trypan blue dye exclusion. Experiments were carried out in triplicate.

Western blot, alkaline phosphatase staining, immunocytochemistry and immunohistochemistry {#S21}
-----------------------------------------------------------------------------------------

Adherent monolayer cells were washed with ice-cold PBS and lysed to analyze analysis total protein. Sphere-forming cells were washed with ice-cold 1 x PBS and then lysed in Tissue Protein Extraction Reagent (T-PER, Pierce, Rockford, IL) with (1 x) Protease Inhibitor cocktail (Sigma) and 1 mmol l^−1^ phenylmethylsulfonyl fluoride (Sigma). Lysates were homogenized on ice, centrifuged at 10,000 rpm for 5 min and the resultant supernatant was assayed for total protein concentration. Fifty micrograms of proteins were separated in Nu PAGE 4-12% Bis-Tris Gel (Invitrogen) and transferred to a polyvinylidene difluoride (PVDF) membranes (Hybond-P, Amersham Biosciences). Membranes were blocked and then incubated with antibodies against OCT4 (Cell Signaling), ABCB5 (abcam), β-actin (1:2500, Sigma), E-Cadherin (BD Biosciences), or N-Cadherin (ZYMED) in 5% BSA TBST buffer \[150 mmol/L Tris-HCl (pH 8), 150 mmol l^−1^ NaCl, 5% BSA, and 0.1% Tween 20\]. The membranes were washed thrice with wash buffer for 5 min and incubated with horseradish peroxidase-conjugated secondary antibodies and washed again before being processed with chemiluminescence reagents (ECL Western Blotting Detection System, Amersham Biosciences). Bands were scanned and quantified using a ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA).

For F-actin staining, cells were washed with PBS and fixed with fixing buffer (3.7% formaldehydehyde, 10mM HEPES and 0.1M NaCl) for 12 min. The cells were then incubated in 50 mM glycine/PBS for 10 min, permeabilized in PBST for 5 min, blocked for 10 min with 2% BSA in PBST, and then incubated with Alexa 488-phalloidin (Invitrogen) to stain for F-actin.

Immunohistochemical assays were performed on 5 μm thick formalin-fixed paraffin embedded sections. Slides were incubated with the antibodies against podoplanin (Signet Laboratories, Dedham, MA); neurofilament (a kind gift from Dr. Virginia Lee), PanCK (Dako), CDX2 (BioGenex, San Ramone, CA) and HHF-35 (Thermo Scientific). Immunohistochemical staining was performed on a DakoCytomation Autostainer using the EnVision+ HRP DAB system (DakoCytomation) according to manufacturer's recommendations. Positive and negative controls were performed in each run.

RNA Stability Assay {#S22}
-------------------

The half-life of *Nanog* mRNA was determined by treating WM35OCT4 or WM793 cells with Actinomycin D (10μg/ml) in the growth medium to block transcription. The cells were harvested every 2 hrs (0, 2, 4, 6 hr) and processed for total RNA. *Nanog* and *β-actin* gene expression at each time point was measured by quantitative RT-PCR.

Global gene expression analysis and data processing {#S23}
---------------------------------------------------

For transcriptome profiling, 400 ng of total DNA-free RNA was used as input for labelled cRNA synthesis (Illumina TotalPrep RNA Amplification Kit, Ambion) following the manufacturer's instructions. Quality-checked cRNA samples were hybridized onto HumanRef-8 v2 expression BeadChips (Illumina) using protocols suggested by the manufacturer.

The least variant set (LVS) method was used to normalize the gene expression values. The analysis included 12,445 probes of the 48,701 probes on the array. A probe was included when its expression in the 6 samples had adequate variability (i.e. the difference between its maximum and minimum of the 6 sample values was greater than 100) where the difference between the two groups would be potentially meaningful. A two-sample *t-test* with Satterwaithe's adjustment when the two sample variances were unequal was used to test for differences in gene expression between the dedifferentiated cell and parent cells after transformation of the gene expression values using the logarithm.

Statistical analyses {#S24}
--------------------

The data represent mean ± s.e.m values. The effect of treatments and differences among experimental groups were assessed using analysis of variance (ANOVA) and appropriate post-hoc test. The differences between two experimental groups were determined using Student's t-tests. A two-tailed value of P \< 0.05 was considered statistically significant.
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![*Oct4* induced phenotypic changes *in vitro*\
(**a**) Morphology of WM35GFP (upper left) and WM35OCT4 cells (upper right) in 2% MCDB tumor medium. WM35GFP cells were not able to survival in the hESCM4 medium (lower left) whereas WM35OCT4 cells formed floating spheroids similar to embryoid body (lower right). Representatives image from 5 independent experiments. Bar indicates 100 μm. Western blotting showed levels of Oct4 expression in control and Oct4 infected cells. Human EC cells were used as a positive control and β-actin was used as a loading control. Representative images from 3 replicate experiments. (**b**) Serially passaged WM35 or WM35OCT4 cells were stained with Oct4 by immunocytochemistry and nuclei with DAPI. Bar indicates 50 μm. (**c**) Dedifferentiated cells from larger colonies in the soft agar assay. Representative images from 3 replicate experiments. (**d**) Drug resistance. 1 × 10^5^ tumor cells were seeded in 2% MCDB medium containing 1 μM, 10 μM, or 25 μM cisplatin. Cultured for 24 hours, and cells were stained with trypan blue and counted (n = 3 replicate experiments). \* indicates *P* \< 0.05 comparing to control cells. (**e**) 1 × 10^4^ cells were seeded and then cultured under 1% O2 for 24-72 hours (n = 3 replicate experiments). Cell proliferation was assessed by WTT assay. \* indicates *P* \< 0.05 comparing experimental to control cells. The data represent mean ± s.e.m values.](nihms-345982-f0001){#F1}

![*Oct4* induced Increase in tumorigenecity *in vivo*\
(**a**) Two million WM35GFP or WM35OCT4 cells were injected subcutaneously in the flanks of NOD/SCID/IL-γ mice (n = 6) and these mice were followed for 5 weeks. Representative primary xenografts were shown in the left and average tumor weight was shown in the right. Bar indicates 1 cm. \* indicates *P* \< 0.05. (**b**) Hemotoxylin and Eosin (H & E) stain and immunohistochemical stains for Oct4 and Melan-A. Bar in low power view indicates 200 μm, and Bar in high power indicates 40 μm. (**c**) The dedifferentiated tumor cells expressed markers for Endoderm (CDX2), Mesoderm (HHF35) and Ectoderm (PanCK and neurofilament). Bar indicates 40 μm. (**d**) 100K cells were isolated from the primary xenografts and directly inject subcutaneously to the flanks of naïve NOD/SCID/IL-γ mice (n = 6) to form secondary tumors. Average secondary tumor weight is shown (\**P* \< 0.05). (**e**) 100K tumor cells were injected via tail vein of NOD/SCID/IL-γ mice (n = 5) and these mice were followed for 12 weeks. Representative histology of lung in mice received either WM35 or WM35OCT4 cells. All the 5 mice that received WM35OCT4 cells developed tumors in the lung (right panel). Arrows point to the tumor. Bar indicates 200 μm. The data represent mean ± s.e.m values.](nihms-345982-f0002){#F2}

![Acquired CSC-like phenotypes\
(**a**) F-actin polymerization in WM35 cells resulted in cell membrane protrusion and migration activity, whereas WM35OCT4 cells did not show any membrane protrusion. Nuclei were stained with DAPI. Bar indicates 40 μm. Secretion of MMP2 from WM35 and WM35OCT4 was examined using MMP2 in-gel gelatin zymography. Actin from cell lysate was used as loading control. (**b**) Multipotent differentiation. DAPI is used to visualize nuclei. Immunocytochemistry for Osteocalcin, FABP-4 and SMA was performed. Representative images from 3 replicate experiments. Bar indicates 40 μm. (**c**) Limiting dilution assays were performed to assess self-renewal capacity. The number of colonies formed was counted and averaged in 3 replicate experiments (\**P* \< 0.01). Real time quantitative PCR was performed to access the expression of MDR1, ABCG2 and ABCG5 (n = 3 replicates)(\**P* \< 0.01). (**d**) Western blot showed increased ABCB5 expression in WM35, 115A and 3525A cells after dedifferentiation. Bar indicates 100 μm. (**e**) Real time quantitative PCR was performed for CD271 (n = 3 replicates) (\**P* \< 0.01). The data represent mean ± s.e.m values.](nihms-345982-f0003){#F3}

![Mechanisms underlying *Oct4* induced dedifferentiation\
(**a**) Quantitative RT-PCR was performed for *Oct4, Nanog, Sox2, cMyc, KLF4* and *Rex1* (n = 3 replicate experiments) and showed significant increase of *Oct4, Nanog* and *KLF4* (\**P* \< 0.01). Human EC cells were used as a control. (**b**) *Oct4* promoter luciferase reporter assay (n = 3 replicate experiments). \**P* \< 0.05 comparing WM35OCT4 *vs* WM35. hEC was used as positive control. (**c**) Cadherin expression. Western blot analysis of E- and N-Cadherin expression after *Oct4* infection. WM35 and WM35OCT4 cells did not express E-Cadherin, and there was down regulation of N-Cadherin in WM35OCT4 cells. Human bronchial epithelial cells were used as controls. (**d**) Global gene expression profiling was performed. An unsupervised cluster analysis using the top 100 probes significantly changed after dedifferentiation.](nihms-345982-f0004){#F4}

![*Oct4* knockdown decreases CSC phenotypes\
(**a**) Dedifferentiated WM35 cells were infected with lentiviruses carrying *Oct4* shRNA. Western blot showed decreased Oct4 expression after knockdown. (**b**) Oct4 knockdown resulted in decreased colony size. Representative images from 3 replicate experiments. The Oct4 shRNA vector had a GFP tag. The knockdown cells showed green fluorescence (insert). (**c**) WM35OCT4 cells with Oct4 shRNA showed decreased growth rate comparing to WM35OCT4 cells under normoxia (n = 3 replicate experiments). \* indicates *P* \< 0.05. (**d**) WM35OCT4 cells with Oct4 shRNA showed decreased tolerance to hypoxia (1% O2, n = 3 replicate experiments). \* indicates *P* \< 0.01; however, these cells still grew faster than WM35. (**e**) WM35OCT4 cells with Oct4 shRNA showed decreased resistance to cisplatin (n = 3 replicate experiments), however these cells were still more resistant to the drug than the original WM35 cells (^\#^*P* \< 0.05 comparing to WM35OCT4 with Oct4 shRNA, \**P* \< 0.05 comparing to the original WM35 with scramble shRNA). The data represent mean ± s.e.m values.](nihms-345982-f0005){#F5}

![Transmembrane Oct4 protein induces dedifferentiation\
(**a**) The cell membrane permeable PTD-OCT4 protein with a His-tag was used to transduce WM35 cells 4 times in a 10 day period. The presence of exogenous protein was detected by anti-His-tag antibody, and expression of Oct4 was also evident 4 days after the last treatment. Bars indicate 40 μm. (**b**) The tumor cells started to form spheres 2 weeks after the last treatment. Arrows points to the spheres. Representatives image from 3 independent experiments. (**c**) The sphere forming cells expression significantly lower levels of Mitf and tyrosinase gene than normal melanocytes and control WM35 (n= 3 replicates, \**P* \< 0.01). (**d**) Quantitative RT PCR was performed and showed that Oct4, Nanog and Klf-4 expression levels in dedifferentiated cells were similar or higher than in hEC cells. hEC cells were used as a positive control (n = 3 replicate, \**P* \< 0.05). WM35 express little of these stemness genes. (**e**) The Oct4-protein-dedifferentiated cells were more resistant to cisplatin (n = 3 replicate experiments) (\**P* \< 0.01). The data represent mean ± s.e.m values.](nihms-345982-f0006){#F6}

![Regulation of Oct4 by hypoxia and Oct4 expression in melanoma tissues\
(**a**) Hypoxia increases *Oct4* gene expression. Quantitative RT-PCR showed that hypoxia (1% O2) significantly increased *Oct4* gene expression (n = 3) (\*p \< 0.01). NX: normoxia, HX: hypoxia. (**b**) Hypoxia increases Oct4 protein expression. Oct4 protein expression was measured by western blot analysis. NX: normoxia, HX: hypoxia. (**c**) Expression of Oct4 mRNA in melanoma tissues. Four of five fresh melanoma tissues expressed *Oct4*. (**d**) Immnohistochemical stains of Oct4 in human melanoma tissue. Oct4 showed nuclear staining pattern. Nuclei of some melanoma cells were highlighted. Bar indicates 80 μm in the left panel and 20μm in the right panel.](nihms-345982-f0007){#F7}
